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DUNE Near Detector, SAND

%SAND (System for on-Axis Neutrino Detection)

- Detector tracker design inside KLOE magnet

- Tracker: ECAL + STT + Grain (LAr meniscus ) Software = equivalent
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Reconstruction, Kalman Filter
e Kalman Filter is an algorithm that determines the trajectory of a state vector of a dynamical system from a set of measurements

taken at different times, taking into account gaussian fluctuations

e |t proceeds progressively from one measurement to the next, improving the knowledge about the trajectory with each new

measurement.
 There are three steps for Kalman Filter

* Predicting: an estimate is made for the next measurement from current knowledge of the state vector
» Filtering/Updating: Kalman Filter in Theory updates the state vector using the measurement

 Smoothing: recursive operation, step by step in the direction opposite to that of filter

Residuals
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Smooth
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Kalman Filter, Toy MC

0z

* Toy MC
* Toy MC starting with one single track, moved to multiple tracks, noise hits added

e Kalman Direction: Forward/Backward

e Measurements:
* Assuming uniform B field, 0.6 T, constant 6z for the planes (ideal, zero thickness)
* RN generation with uniform distribution for initial position and initial momentum
* For each plane X, Y according to analytic extrapolation, with 95% efficiency

e Smearing 0.1mm for Xand Y

July 23th, 2022 SNOWMASS 2022

% Kalman Filter Procedure:

* Sequentially adding new information on each hits to get an optimal
track

e Strategy:
* Prediction and Update (Filtering, Residual , x2):
forward and backward, Smoothing

* Customized Kalman Filter General Assumption

* Prediction step is an analytical extrapolation

e Discreteness in z direction

P4 Predict and Update Pp-1 Forward
fo—>f1—>f2—>f3—> —) =) =) f,

Smoothing

Predict and Update P91

[f“o < T 4_ fas 4_ f‘l‘sqp_4 - = = - ] Backward

Smoothing
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Kalman Filter, from Toy MC to Geant4 MC

B (©

P P, Ps P4 Predict and Update Pn-1 F d n
[fo—>f1—>f2—>f3—>—>—>—>fn-1 j orwar e B R
Smoothing ?/
Pa, Pa, Pas; Pa, Predict and Update Pa,_4 BaCkwa rd
[fao - faq - fas - f°3<_ - — - -1 ]
Smoothing < 6z >

% Preparation for Geant4 MC

e Mad-Dump: Genie-like output

* EdepSim (nd_hall_kloe_sttonly.gdml): Edep-Sim output

37.7180-

 Digitization (200 pm smearing): wire position added (to meet with Kalman Filter discrete process that goes in steps, e.qg.
zero uncertainty on z coordinate of the plane)

18.6600
—5.0000-
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* X,Y hits are combined into an extrapolated measurement at the z of the wire of the upstream plane of the module

S \\\\\\\\

% Kalman Filter Geant4 MC
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e HNL sample 1 GeV mass Dy = Ny ,U, 1 U : U, ~1:16:3.8

e Forward/Backward

® Customized Kalman Filter Assumptions

e Straw modules: XXYY or XXYYXX (present in this geometry)

e Uniform B field, 0.6 T _ Replaceable by nuclear target:
. _ C,Ca,Fe, Pb,Ar, etc.
* Processing hits: w11 i >
Separate measurement for X and Y are recombined to (X, Y) referring to the Z of the first straw layer of each < Total thickness ,\, 0.015X, >

module
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Kalman Filter, Toy MC, Event Display
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Kalman Filter, GEANT4 MC, Event Display
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Kalman Filter,

nEvent 30

GEANT4 MC_Event Display
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LHCb Step Chi2
2 @
= =

—
n
=
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4

o

Y
| l 1 1 I | L l 1 1 l |
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s (1) Chi2/nHits = 0.95/29 = 23.49
2(1) Chi2/nHits = 0.97/28 = 35.25
e 3(1) Chi2/nHits = 0.95/29 = 23.26

nEvent 30
0(1) Chi2/nHits = 0.98/28 = 31.74

Na [ A 'l |
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MC Truth Matching
Angle between p and &, Reco vs True
Reco *°F = g
450 £ 0.18f~ - g c| 35
900 MomAngle1 = Vertex_py - =z
Entries 12832 C| Entries 2728 0.16— E= —30
800 Mean 0.0357 HOF I\S/It?ja[r; g-gfgg : - =
— ev . = = -
Std Dev 0.04398 350 B Underflow : 0.14: : s
700 Underflow 0 - Overflow 73 01k = = -
Overflow 344 300 EL Integral 2655 R _ aie
600 Integral  1.249e+04 - oib = 20
250 |- - ngleMUPi
500 — 0.08— - Entries AR 4912 15
[ N - Mean x 0.08681
400 2008 0.06| _ = | sapevs 003478
E ~ = ISttd De:/ y o.o::s;gg 10
__ [ ntegra
300 190 E 0.041 - 0 767 s
c - / ndf ° ° 6.074e+04 (1)892 5
200 100 = 0'02:_ 520 ~0.0001387 +0.0003229
N S PPN SRS B S B i oo s srrars s w9
100 S0 0 0.02 004 006 008 0.1 0.12 0.14 0.16 0.18 0.2
O O :I | .| | 1 1 1 1 | 1 1 1 1 | | I I | | 1 1 1 1 | 1 1 1 1 | | I I | 1 1 1 1 1 | True
0 002 004 006 008 01 012 014 016 0.18 0.2 o 061 02 03 04 05 06 07 08 09 1
o) [rad] Residual Vertex [mm]
True-Reco Angle :
Resolution |
* Dominant contributions to Invariant Mass (besides Momentum) 0041
e Quality of the Vertex: < 1mm (most of statistics) voal
* Quality of the Reco final product angle: The final product angle resolution is around 30 [mrad] up i
0.02—
to 25 [GeV] I
e MC truth Matching angle (preliminary): ooil
Significant tail on the single particle angle resolution (currently cut by MC truth matching ~ 20 [mrad]) -
0-_l L1 1 I L1 1 1 I L1l L1l I L1 1 1 l L1 1 1 I 1 1
0 5 10 15 20 25
Momentum([GeV/c]
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Kalman Filter, GEANT4 MC

P1t /P1t, _vs P
% Features I:)-Itreco - true/F)-I ttrue VS P1True reco - true true 1True F1DeT
P1Delta_py Kal = Entries S 2875
180 - Entries 3027 ~ Kalman Fit
: : : : : . - External Fit - M 0.02483
e Backward Kalman direction implemented, in this case backward is more - Mean 0.06836 | 120 Std Dev 0.3091
160 — Std Dev 0.2529 B Underflow 0
P . LT H : : : : — Underflow 0 |
efficient: the initial hit is found easier and more precise (MCS not messing with,, F iy 8 | 100 Overtiow 135
_ _ Integral 2718 B 2 [ ndf 5.109/9
the hltS mUCh) 120:— ¥2 [ ndf 6.674/9 - éonstant 108.5 + 4.8
— Constant 168.9 = 6.1 80— Mean  -0.00241= 0.00449
» Multiple scattering has been added (changing the resolution by 0.1%) 100~ Mean -0 6002395 - Sigma___ 0.08782 = 0.00765
- Sigma 0.06748 = 0.00314 —
* For better precision, external helical fit has been used (hits are coming from 801 T o
Kalman Filter, the used fit is the external one) 0L 40
40:— B
* ltems to have an eye on: o0l 20
. . Ozllllrhl.-.ln-l III|III|III|III|III|III|III : IIIII|III|III|III|III|III|III|III
e |nvariant Mass resolution -t 08 -06 -04 -02 0 02 04 06 08 1 07~ 08 -06 04 02 0 02 04 06 08 1
oP/P
e Momentum resolution
e Kalman Filter parameters (Pull plots)
e Goodness of the fit (x?2) _ _ . .
particle1 = u, particle2 = n particle1 = u, particle2 = nt
P o d Invariant_Mass1 _ = Invariant_Mass1 5378
* rroceaure: - - Entries 2508 - , ntries 1
100 — External Fit Mean 105 70: Kalman Fit Mean 0.9984
: B Std Dev 0.2798 - Std Dev 0.3531
e Kalman Filter i Underflow 0 60 — Underflow 0
: 80— Overflow 450 _ Overflow 447
 Forward/Backward Kalman and smoothing. - Integral 2058 50— Integral 1871
- %2 / ndf 31.63/17 - ¥? / ndf 34.42 /1 27
e External helical fit. i Constant 97.2 = 3.7 n Constant 54.39 + 2.21
0™ Mean 42 40— Mean  0.9808 = 0.0079
* Reco tracks: - Mﬁ% - Sigma___ 0.1975 = 0.0100
. . 40— Z
A. Choosing either forward or backward as Reco tracks. - -
B. Matching the forward/backward Reco tracks ( > 50 % shared o0l -
hits), choosing the right combo for the final Reco track collection | = ﬂ
II|II|III|III|III|III|III|III|II|III B I|III|III|III|III|III|III|III|III|II,1,
e Matching the Reco and the True % 02 04 06 08 1 12 14 16 18 2 % 0z 04 06 08 1 12 14 16 18 2

GeV/c* GeV?/c*
e Momentum resolution, invariant mass resolution, Pull plots
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July 23th, 2022

e Momentum resolution, invariant mass resolution, Pull plots

Kalman Filter, GEANT4 MC

0 0.2 0.4 0.6 0.8

SNOWMASS 2022

1 1.2 1.4

* Features I:)‘”reco-true/p-”:true VS P1True
P1Delta_py
: . : : : 500— Entri 9621
« Backward Kalman direction implemented, in this case backward is more - Forward Kalman e S ovans
efficient: the initial hit is found easier and more precise (MCS not messing with i Std Dev 0.2766
_ 4001 Underflow 0
the hits much) - Overflow 715
. . : . o i Integral 8255
* Multiple scattering has been added (changing the resolution by 0.1%) 300l 2/ ndf 2156 /9
e For better precision, external helical fit has been used (hits are coming from ! Constant 46092102
- Mean -0.005342 £ 0.001638
Kalman Filter, the used fit is the external one) 200|— Sigma 0.0737 +0.0024
* Iltems to have an eye on: -
100
e Invariant Mass resolution -
e Momentum resolution oLl I Nk
-1 0 0.5 15P/P
e Kalman Filter parameters (Pull plots)
e Goodness of the fit (x?) particle1 = , particle2 ==
Invariant_Mass1
. 140~ Forward Kalman Entries 3631
* Procedure: i Mean 1,054
120 __ Std Dev 0.2895
e Kalman Filter - Underflow 0
= Overflow 745
e Forward/Backward Kalman and smoothing. 100~ Integral 2886
- x2 / ndf 33.89/17
e External helical fit. 80| Constant 126.9+£4.3
= Mean 0.9843 +0.0041
e Reco tracks: - Sigma 0.1292 +0.0054
60—
A. Choosing either forward or backward as Reco tracks. -
40—
B. Matching the forward/backward Reco tracks ( > 50 % shared -
hits), choosing the right combo for the final Reco track collection 20~
[ ] MatChlng the ReCO and the True o—l o 1S v vy s by by v by by v by by 3

1.6 1.8 2
GeV?3/c?

P1 treco - true/P1 ttrue VS P1True
P1Delta_py
600[— Entries 10108
- Backward Kalman
B Mean 0.09768
00 - Std Dev 0.3002
5 n Underflow 0
B Overflow 661
— Integral 8996
4001 x2 / ndf 17.23/9
B Constant 533.8 + 10.8
300 - Mean  -0.0001503 + 0.0014529
. Sigma 0.07115 + 0.00202
200
100
O l_ | 1 I 1 | 1
-1 -0.5
oP/P
particle1 = p, particle2 =«
Invariant_Mass1
160 Backward Kalman Entries 3519
- Mean 1.087
- Std Dev 0.2821
140—
- Underflow 0
= Overflow 626
1201~ Integral 2893
B x2 / ndf 18.75/17
100 — Constant 139.2+4.4
B Mean 1.004 = 0.003
80— Sigma  0.1192 +0.0041
60—
40|
20—
O_lhllll llllllllll[lll[lllllllllllllll
0 02 04 06 08 14 16 1.8 2

GeV?/c*

Zahra Gh.Moghaddam




% Features

the hits much)

Kalman Filter, the used fit is the external one)

* Iltems to have an eye on:

e |nvariant Mass resolution
e Momentum resolution
e Kalman Filter parameters (Pull plots)

e Goodness of the fit (x2)

e Backward Kalman direction implemented, in this case backward is more

% Procedure:

e Kalman Filter

 Forward/Backward Kalman and smoothing.

o External helical fit.

e Reco tracks:

A. Choosing either forward or backward as Reco tracks.

* Matching the Reco and the True

e Momentum resolution, invariant mass resolution, Pull plots

July 23th, 2022

B. Matching the forward/backward Reco tracks ( > 50 % shared
hits), choosing the right combo for the final Reco track collection

Kalman Filter, GEANT4 MC

efficient: the initial hit is found easier and more precise (MCS not messing with

e Multiple scattering has been added (changing the resolution by 0.1%)

* For better precision, external helical fit has been used (hits are coming from

Angle between p and &, Reco vs True

g 02r
2 - Forward Kalman
0.18— —25
0.16—
0.14f— —120
0.12f—
[~ 15
0.1 AngleMuPi
— Entries 3631
— Mean x 0.08834
0.081— Mean y 0.08774
= g:g Dev x 0.03547 10
- ev 0.0355
0.06— Integral ’ 3516
- 0 1 105
[~ 0 3516 9
0.04— 0 ) 0 5
- %2/ ndf 4.312e+04 /813
0.02— PO ~-0.0002207 + 0.000331
- p1 0.9958 + 0.003474
0 :l L1 I L1 1 [ L1 1 [ 11 1 l L1 1 l L1 1 I L1 1 l L1 1 l 11 1 l L1 1 0
0 002 004 0.06 0.08 0.1 012 0.14 0.16 0.18 0.2
True
particle1 = u, particle2 =«
Invariant_Mass1
140— Forward Kalman Entries 3631
— Mean 1.054
120 __ Std Dev 0.2895
B Underflow 0
u Overflow 745
100— Integral 2886
i x2 / ndf 33.89/17
80 B Constant 126.9+4.3
- Mean 0.9843 + 0.0041
- Sigma 0.1292 + 0.0054
60—
40—
20—
O _l 11 l 1 I L1 1 l L1 1 I L1 1 l L1 1 l L1 1 l L1 1 I L1 1 l L1 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
GeV?/c*

SNOWMASS 2022

Angle between u and i, Reco vs True

0.2 o
Backward Kalman St
0.18 . - | =30
0.16} - B
S 25
0.14}- _ = .
0.12 -5 ,
. ) g =20
0.1 -
. - AngleMuP
0.08 . - Enr;t:: ?c 0.032:133
- - Mean y 0.08657
0.06- SR o
- Integral 3435
0
0.04 - 0 34325 757
- = 0 0 0
/ ndf . +
0.02— g ° —o.ooogogzzfo?:oi);?g
= p1 1.006 + 0.003412
0 1 l L L 11 1 | ‘ 11 1 1 1 l 1 I L I L1 1 I L 1 ]-O
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2
particle1 = p, particle2 =«
Invariant_Mass1
160 Backward Kalman Entries 3519
- Mean 1.087
- Std Dev 0.2821
140
- Underflow 0
= Overflow 626
1201 Integral 2893
B x2 / ndf 18.75/17
100[— Constant 139.2+4.4
B Mean 1.004 £ 0.003
80| Sigma  0.1192 +0.0041
60—
40
20
0 B L = 1 1 11 l 11 1 l L1 1 l L1 1 l 11 1 l L1 1 l 11 1 l 11 1
0 02 04 06 038 1 12 14 16

'8 Geb2/ct
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Kalman Filter, GEANT4 MC

* Features
Pt . ../Plt., Vs P
_ . _ . _ . I:,-ltreco-true/ P1 ttrue VS P1True _ eco- e | e 1Tm‘eP1 Delta_py
e Backward Kalman direction implemented, in this case backward is more SOJ:_ Merged Kalman - 1Delta_py . 600~ o “kward Kalman Entries 10108
L B Mean 0.09768
efficient: the initial hit is found easier and more precise (MCS not messing with - Vean el IO Std Dev 0.3002
i v ' N Underflow 0
the hits mUCh) 500:_ g::;:::w 932 i Overflow 661
. . : : ° i Integral 9925 | 400 Integral 8996
e Multiple scattering has been added (changing the resolution by 0.1%) 400 21 ndf 207218 : X2/ ndf 17.23/9
. . . . . . . Constant 576.5+11.3 _ Constant 533.8 +10.8
» For better precision, external helical fit has been used (hits are coming from : Mean 0001850001445 | ggol_ Mean  -0.0001503 +0.0014529
30()_— Sigma 0.07282 +0.00208 - Sigma 0.07115 £ 0.00202
Kalman Filter, the used fit is the external one) s ,[E i -
* ltems to have an eye on: & - -
= B -
2 0.8} 10 100—
e Invariant Mass resolution E n DE -
. - 0 N ol— | 1 I 1 1 1 1 1 I 1 1 1 1 I | 1 | 1
. resolution -1 0.5 0 1 ~05 0 0.5 1
Momentum resolutio 05| » p/p
e Kalman Filter parameters (Pull plots)
° ' 2 __ : .
Goodness of the fit (x?) o4t sarticlel =, particle2 = 7 particle1 = 1, particle2=n___
P Invariant_Mass1___ - - t.Invanant_Mass13519
: - N Entri 4912 ) 160—Backward Kalman ntries
* Procedure: ozl 180~ Merged Kalman Mr;::s V\rf 5 ) - Mean 1.087
. . n Std Dev 0.2987 140 Std Dev 0.2821
e Kalman Filter i 160 — Underflow 0 - Underflow 0
_ : 1a0F- Overflow 1102 | o[ Overflow 626
e Forward/Backward Kalman and smoothing. e b by b b a 1 - Integral 3810 - Integral 2893
0 5 10 15 20 25 120F- 2 / ndf 15.05/17 - x2 / ndf 18.75/17
e External helical fit. MomentumiGeVic] - 1= Constant 1723+49 | 100 Constant 139.2+4.4
100~ Mean 1.001 +0.003 - Mean 1.004 £0.003
e Reco tracks: - Sigma 0.1209 +0.0037 80— Sigma 0.1192 + 0.0041
80— N
A. Choosing either forward or backward as Reco tracks. sol oo
B. Matching the forward/backward Reco tracks ( > 50 % shared a0f- oE
hits), choosing the right combo for the final Reco track collection 20— 20—
. _llqlllllllllllllllllllllllllllllllllllll _Ihll R N e
® MatChlng the RGCO and the TI’UG 00 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2 00 0_I2 0.4 0!6 0!8 -: 1!2 1!4 1_I6 1!8 2
GeV?/c* GeV?/c*

e Momentum resolution, invariant mass resolution, Pull plots
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e Event Reconstruction
g Forward s 1(0) Chi2/nHits = 81.75/20 = 44.84
£, . 7520 - a4
> .
—2500 » 2(0) Chi2/nHits = 62.55/21 = 31.16 * Kalman Event ReconStrUCtlon
_2510 wmme—— 3(0) Chi2/nHits = 52.26/20 = 27.54 ° For/Backward tracks
- e The more apart the hits the better the
_ . .
nn track recognition
~2530 . o Statistically, the backward Kalman is
-2540 more efficient
o
P Merged tracks
e Enhancing the InvarMass resolution
~2560 _ o
e Recovering the events failed in either of
-2570
820 830 840 850 860 870 880 890 9)(()0 For/Backward process
[mm} e Saving the better reconstructed event
= - o) ot = 04 244 45899 e Any risk of double counting is eliminated
.>_E_. : Forward w—m— 1(0) Chi2/nHits = 553.27/21 = 334.05 by the SeleCtlon
‘2690 '-_ 2(0) Chi2inHits = 137.63/43 = 34.16
» e e Preliminary Efficiency estimate
-2700r= . . . e Accepted tracks:
- n "
ori0f- --'_,.. e R @g e Extrapolation of the track up to the
i / exiting point, count the # plane
2720} ]
- q e Number of planes = 6
-2730f e Single track efficiency ~ 80%
e Event (pair of tracks with a vertex< 1mm)
2740} L
i efficiency ~ 60%
—2750 -4 1 | 1 I 1 1 | l 1 1 1 I 1 1 1 l 2 1 1 l 1 2 1 l 1 1 |
-1460 -1440 -1420 -1400 -1380 -1360 -1340
X [mm]

July

23th, 2022

SNOWMASS 2022

E -2490

>
-2500
-2510
-2520
-2530
-2540
-2550
-2560

-2570

820 830 840 850 860 870 880 890 900

Y[mm]

-2690

-2700

-2710

-2720

-2730

-2740

-2750

-1460 -1440 -1420 -1400 -1380 -1360 -1340

nEvent 203

0(1) Chi2/nHits = 45.96/21 = 36.50

Backward

n wme1(1) Chi2/nHits = 56.08/12 = 31.49

 J 2(1) Chi2/nHits = 27.21/13 = 22.97

wme—— 3(1) Chi2/nHits = 27.14/13 = 21.39

;
L
H

»

o n® 'uu...

X [mm]

nEvent 204

0(1) Chi2/nHits = 192.92/43 = 46.66
BaCkwa rd wm— 1(1) Chi2/nHits = 92.96/44 = 37.13
2(1) Chi2/nHits = 204.40/44 = 47.48

w—m— 3(1) Chi2/nHits = 104.77/47 = 44.42

A

/

d 1 | 1 I 1 1 'l I | | | 1 I 1 | ] I 'l 1 1 I 1 | 1 I ] 1 '}

X [mm]
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* Events Kinematic

 Heavy Neutrino: High P, mostly with low 0: back to back (XY)

2-body decay

* Vertex quality

e Vertex residual cut < 1mm

3500~
U,:Ug:U,~1:16:3.8

3000 D, — Nyu

2500
2000
1500

1000

Vertex

Entries 35334
Mean 0.4601
Std Dev 0.542
Underflow 0
Overflow 358
Integral  3.498e+04

e

IIIJ_IIIIIIJ Lol

> 25 3

3.5 4 4.5 5

Closest distance at Vertex[mm]

% Treatment for Ghosts

e Opposite charges and tracks in opposite quadrants XY

* a angle in XY between the ghosts or the tracks

“a>29,0<0.02"”

* Removes most of the ghosts contaminating the signal

 The remnant ghosts:

Theta is the angle of HNL with respect to the z-axis
Alpha is geometrically correlated with theta

A cut can be made for selecting the tracks from ghosts:

o [Rad]

* No effect on the resolution (very symmetric events)

e Compensated by

% Particle ID

a correction factor

* Not necessary at this stage: Swapping - has negligible

effect on Invariant mass resolution

July 23th, 2022

Event Selection

Ghosts
Angle1
3.2 Entries 1487
" = I Meanx  0.02529
E O O
3 - - Mean y 2.581
-' Std Dev x 0.02085
28 StdDevy 0.3964
- - Integral 1487
- ] i = 0
213:f - o 0
u " 0
24— "
- L e,
2.2 — n * -
ol J ol
[~ ]
[ lll- HB" &« =
18— - =" = m|
- - d e = F
1.6—
| 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 l 1 1 1 1 0
0 0.02 0.04 0.06 0.08 0.1 0.12 0.14
6 [Rad]
—_— o nEvent 203
c symmetric event
E -2 490 0(0) Chi2/nHits = 84.98/22 = 44.38
>._ - st 1(0) Chi2/nHits = 81.75/20 = 44.84
—2500 n 2(0) Chi2/nHits = 62.55/21 = 31.16
e 3(0) Chi2/nHits = 52.26/20 = 27.54
-2510
-2520 . .
z = R
C;;..::’..
-2530 TR .
. 2, W "
» g.‘
-2540 &\
-2550
-2560
-2570
820 830 840 850 860 870 880 890 900
X [mm]

SNOWMASS 2022

26— m =

2.4

2.2

1.8

1.6

Angle0

- Entries
Meanx 0.005227
O Mean y 3.058

- Std Dev x 0.006691 P
Std Devy 0.09523
Integral 1487

1487 |

0 0 0

0| 1487 0

0 0 0

80

60

40

20

Yimm] .

-1870

-1875

-1880

-1885

-1890

-1895

1 l 1 | 1 l | 1 1 l 1 1 | l 1 | 1 l | 1 1 I O

0.04 0.06 0.08 0.1 0.12 0.14
6 [Rad]

nEvent 30

0(1) Chdinkits = 09828 = 31,74

wm— 1(1) Chi2inkiits = 09629 = 23,40

2(1) Chidinkits = 0.97/28 = 35.25

— 3(1) Ch2nkits = 09520 = 23.26

400 410 420 430 440 450 460 470

X [mm]
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+ Acceptance Acceptance and Efficiency
* Reconstructible fraction of the total number of generated signal True Vertex True Vertex
 Pre-selection FidVol : 50:_ 1
» Cubic fiducial cut at generation step enveloping the detector -10002— :::
 Reconstructible: Long tracks ;::: .
e The extrapolation of the tracks to the detector walls must include 6 or -zsooi— 10
more traversed planes oo :
» Accepted Events: A = Reconstructible/generated _400()%_ :
* Efficiency ~as0g e 150 50 e e e g ‘45031:s;olol 0005580025000 2580034000 '21150” 5500025500 '2632'[04;] 0
e Signal candidate: Track pair with opposite charge forming the invariant mass (b)
&4 =4 track events/Accepted events . e“d - Accepted True Vertex -
* & = Selected signal candidates/Accepted events a‘\cﬁ é\zod 6’5‘0 5500_ 5500_ .,
| G : —fro g
» g = physical tracks/ghost tracks e® 12 S x° ~10001 ~1000- 12
g =phy 9 ?S'c b"é\‘ c)a\eé' 0\\06 -15002— ‘15°°§_ 10
Acceptance and Efficiency 2000 2000 .
Channel | Mass[GeV /c?] | Total Number of Event | A% | e4% | % | g% ::z:: :::: 6
1.7 168186 53 | 58 | 42 | 27 ssoof wsso0 “
16 217118 55 57 43 26 _40005_11“;"1'l';“,“l'l'.';';‘";1‘.’.';II‘."';’.' P IR T B _40005_..“1““1“.11.“;%"1‘”11'1‘1 P PRI I IR
1. 5 212 892 47 57 43 27 —8000 -1500 -1000 -500 0 500 1000 1500 X{rren] 031 500 22000 22500 23000 23500 24000 24500 25000 25500 2602[0mm]
1.4 181300 62 | 35 | 26 | 26 (c) (d)
1.3 197050 62 | 57 | 43 | 28
1.2 186388 48 57 | 43 | 29 °F -
1.1 170394 55} 56 | 41 | 30 o 3
Dy — uN» 1.0 154438 62 56 | 42 | 31 :::: :
0.9 136468 63 57 | 41 | 32 _2000; _
0.8 119364 D2 57 | 39 | 34 2500 200
0.7 92088 63 58 | 38 | 37 -30005— -30005—
0.6 92598 60 60 | 35 | 42 _ssoo;_ —ssooé—
0.5 85674 40 61 | 33 | 52 TO00ET AR R e R T R ~4000} |
0.4 L0514 560 62 27 64 ~4500 ™ 8061006500 0500 000 1500 ;([lm:;zncioo ~4500 e 625000 25500 28000 28500 24000 24500 25000 25500 lzéc;gl[or;r;]
0.3 76914 60 63 | 18 | 92 (e) (f)
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% Generic Background Ba Ckg roun d
* Neutrino interaction from the beam for 6 yrs of exposure
_ _ 13 o # v-CC interactions Background: single n final state
 Single beam spill, T=1.2s = 7.5 X 10"° POT within the full
1—
body of detector: Number of v interactions ~ 1.3 x 10'° i
* Computationally Affordable Background Generation i
e First approximation: 08—
e v CC interactions only inside SAND inner tracker (STT) -
o Interaction inside STT is 0.74 for one single spill:117 X 10° v 0.61—
CC interactions for 6 yrs of exposure i
e Second Approximation (High statistic only at generation 04 B
level): L
) ECAL i
e Most dangerous final state to the signal: zu , n
HNL Signal (m'_INL =1.7)
* Cherry picking the final state -> choosing events with final S o0 U U ~1:16:3 0-2—
g, L ) U a= 2.760 = 0.080 [
state single 7 (~30% of total events) g e o i -
700 lambda = -0.1621 = 0.013 |
° 6 I I 600 mf=2.837220.0022 IIII|III|IIII|III|IIII|IIII|IIII|IIII|IIII|IIII
30 X 10® v CC interactions for 6 yrs of exposure 500 n= 200008 0~ s 1 SR ; = s = . 5
e Simulation and reconstruction steps the same as for the signal w0 sigma = 0.1842 = 0.0056 m? [GeV°/c?]
e Background invariant mass distribution mimicking the signal -
(2ph+2g tracks) —} 11 candidates for 6 yrs of exposure 100
. Background Modeling B Detector element | Mass [t] | FHC | RHC
e Uniform or exponential p.d.f. 0 U,:U,: U ~1:16:3 8] Vertex Magnet 511 6&.9 306.6
3000: DS_ . N») , Entries 35334
* Subdominant Background Event Topology and selection ] Y v e ECAL 100 13.5 7.2
2500 - Underflow 0
handles LAr+STT 8.2 1.1 | 0.59
1. Accidental vertex ool STT fiducial volume 5.5 0.74 | 0.39
 Vertex resolution 5
1000} Total 619.2 83.5 | 44.39
* Invariant Mass -
500:_ https://indico.cern.ch/event/806612/attachments/1813045/2962023/A_Near_Detector_for DUNE.pdf
2. Outside vertex SR e P T T
0 25 3 35 4 45 5
- Vertex resolution either/or Invariant Mass plosest dstance el Yeriexmml
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Slgnal MOdellng HNL Signal (m_ = 1.0)
: : ' = & 3000/
* Signal Model (RooFit): HNL Signal (m,, = 0.3) STF # o 2623 - 0.095
. e . ~ F 2 [ a2 = 0.900 = 0.029
i : S B S 2500 —
* Two-sided Hypatia distribution as signal p.d.f: S T ST 124 2047 § 25000 H e = 05881 + 0.032
* Hyperbolic core of a crystal-ball-like G function and two £ Ll a2 = 0.606 = 0.011 20001 mu = 0.98077 = 0.00066
_ & 5# lambda = -3.00000 =+ 0.0023 - n= 20.00 = 0.76
tails B mu = 0.09348 = 0.00016 B n2 = 1.595 = 0.016
_ _ o _ S - N 20.0 =27 15001 sigma = 0.0838 = 0.0026
* Model the invariant mass distribution with generic tails - T Ees -
iR n2= 1.515 + 0.022 000l
* Fitting the signal with Hypatia gives a much better (IR sigma = 0.030000 = 0.000013 N
i n U,:U,:U ~1:16:3.8
arametrization - L L 500 — D — N
P . {,+ U,:U,:U,~1:16:3.8 : y = Nop
10 9 I| ’ 2 % 2 3 4 5 6
i % } } m? [GeV?/c*]
H | HNL Signal (m_ = 1.7)
ARt s o 05 1 15 2 25 3 ~  F
o — m? [GeV2/c*] S 900
g 0.05- A a= 50 S = a= 2760 = 0.080
3 005 a2= 1.0 particle1l =, particle2 =« > 800 5 _ 5
S B beta = -0.01000 Invariant_Mass1 I - a2 = 4.00 = 0.27
s L o - Entries 4912 5 700 lambda = -0.1621 = 0.013
£ 0.04— lambda = -1.000 180 Mean 108 =
2 3 mu = 0.0 ‘60l Std Dev 0.2987 s0oF- mu = 2.8372 = 0.0022
£ T n= 15 : Underflow 0 - n= 20.00 = 0.36
o 0.03— 140 - Overflow 1102 —
= - n2= 0.10 - Integral 3810 500 — n2 = 1.621 = 0.049
S B iama = - 2/ ndf 15.05/17 = : _
5 B sigma = 1.0 120}~ ’éonstam 723449 100/ sigma = 0.1842 = 0.0056
g 002~ k 100~ Mean 1,001 +0.003 -
a E 30:_ | Sigma 0.1209 £0.0037 [> 300:— U,u : Ue : UT ~1:16:3.8
0.01:— 605_ 2002— Dg — Nyu
n: | - | | | | 405_ 100;_
205_ 0: N | | | | | | | | | | | | | | | | |
b N e e b ] ° 1 ° ° * ° GVt
( G(p—aiop,0,\C,B) % 02 o4 06 08 1 12 14 16 18 2 o T—p m” [GeVi/e']
,m ny ].f o < —al
(1_ nG(...)/G(..)—ao )
1 1 2
: 2 2\ 2271 B(z— z— _ -
Hypat1a2(a:, H, 0, A, Ca /Ba a, niy, r, n”') = 4 ((CB o ,Ll,) + Ai(C)O‘ ) el M)K)\—% C\/l + (WCN)J) — G(CB, Hs - - ) otherwise
G(l‘l’"‘a’ro’aﬂ'aa’,}‘agﬂ) - if .’L';/L > a,
\ (1_ —an(...)/G'(...)—ara)
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* Combining parameters in Pheno-sensitivity with statistical analysis of the Signal and Background

e Signal Model:

Final Sensitivity

Hypatia p.d.f. == model the invariant mass distribution with generic tails

 Background Model:

Exponential or Flat p.d.f. == model the most dangerous background

e CLs Calculation (RooStats):

e Inference calculation using frequentist approach based on likelihood ratio

e Generating toy MC samples (~

® Ns # U2:

taking into account A, € and g

100 toys)

20

Ns is not imposed to 1 but to the number of events is corresponding to 95% CL,

18

16

14

12

10

# of Signal Candidates at 95% CL

6 yrs

2

Expected CLs + 2 o

- Expected CLs = 10
----- Expected CLs - Median

U,:Ug: U, ~1:16:3.8

_l ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] | ] ] ] |
002 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

e o m,, [GeV/c
Preliminary | ]
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10°°

107/

1078

107°

10710

---Dirac
— Majorana

g

ey

—U U U~1 16 3.8

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1 8
HNL Mass[GeV/c?]

u® at 95% CL

107"°

Expected CLs+ 2 o
: - Expected CLs+ 10

- Expected CLs - Median

[ IIIIIII

T T

U, UU~116

2 04 06 08 1 1.2 1.4 1.6 1.8
M, [GeV/e]
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Summary and Outlook

% Summary

MODEL BUILDING

- Sensitivity to Heavy Neutral Lepton has been MESON FLUX

investigated: Pheno+Detector simulation THEORY GENERATION

MODEL

« Theory framework: vMSM Convemng to UF _

- Simulation Tools: Pythia8, Mad-Dump T /

* Pheno-sensitivity for three benchmark couplings and ‘_\ MODEL BUILDING .~
Predict ‘
for 6 yrs of exposure ~ 107° — 107’ [— o j \

KALMAN

- Lagrangian conversion: FynRules+Mathematica Implementing

model’s parameters

.
.
.
.

MC generators

- Traget detector: SAND FILTER
* Reconstruction Tool: Kalman Filter [Initial J ANALYSIS EOR —
( MadDum
- Efficiency for single track: ~80%, track pair: ~60% '. SAND o® L
.....llll-“‘

- Signal modeling: Two-sided Hypatia p.d.f. e
SIMULATION AND - DECAY AND GENERATION

« Most dangerous Background: v,CC +mnt RECONSTRUCTION PROCESS
- Background Modeling: Uniform and exponential p.d.f. * Comments on Kalman Filter * Comments on Final Sensitivity
. 11 candidates from background for 6 yrs of exposure * Each implementation of KF is unique with its  The final sensitivity calculation has been demonstrated
challenges .
: cye s i within vMSM and for benchmark 1l
* Final Sensitivity for vYMSM, coupling model Ii,  Customized for this work: working decently for high . o .
momentum * The final sensitivity for Majorana HNLs shows a factor
degraded by factor ~ 3 from Pheno-Sensitivity . .
* Pattern recognition, an external fit is used due to ~ 3 degradation with respect to the Pheno, thanks to
% Outlook better results reconstruction efficiency and low background
+ Pheno: Adding more channels, HNL production/decay * Geometry dependent (implemented for full STT * Room for improvement through optimization, but
_ _ - o geometry) no big difference is expected
- Simulation: More realistic picture adding pile up e The Efficiency is ~ 80%, meets the need of this work

* In higher mass region the sensitivity worsens due to

+ Reconstruction: Optimization of Kalman Filter * It can be optimized to be used for any geometry and the larger invariant mass resolution
generic neutrino interaction event.
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